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a b s t r a c t 
Since the ITER divertor design includes tungsten monoblocks in the vertical target where heat loads are 
maximal, the design to protect leading edges as well as technology R&D for high performance armor- 
heat sink joint were necessary to be implemented. In the R&D, the availability of the technology was 
demonstrated by high heat ﬂux test of tungsten monoblock components. Not systematically but fre- 
quently macro-cracks appeared at the middle of monoblocks after 20 MW/m 2 loading. The initiation of 
such macro-cracks was considered to be due to cyclic exposure to high temperature, ∼20 0 0 °C, where 
creep, recrystallization and low cycle fatigue were concerned. To understand correlation between the 
macro-crack appearance and mechanical properties and possible update of acceptance criteria in the ma- 
terial speciﬁcation, an activity to characterize the tungsten monoblocks was launched. 
© 2016 Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
1
 
c  
p  
o  
r  
p  
s  
s  
h  
p  
s  
E  
p  
a  
(  
(  
h  
v  
(
 
t  
c  
y  
f  
a  
a  
o  
t  
W  
l
d  
(  
m  
a  
l  
l  
p  
W
 
m  
h
2. Introduction 
A poloidal divertor is installed in the bottom part of the vacuum
hamber of the ITER tokamak. Its main function is to extract the
ower coming from the conductive/convective heat ﬂux in scrape-
ff layer (SOL) and radiation whilst maintaining the plasma pu-
ity. It shall tolerate high heat loads as the main interfacing com-
onents between the plasma and material surfaces, while at the
ame time providing neutron shielding for the vacuum vessel and
uperconducting magnets, in the vicinity of the divertor. It shall
ouse various diagnostics for divertor physics studies and machine
rotection purposes. The ITER divertor consists of 54 cassette as-
emblies (CAs) which are inserted by remote handling operation.
ach CA includes one Cassette Body and three Plasma-Facing Com-
onents (PFCs), namely the inner and outer vertical targets (IVT
nd OVT), and the dome [1–3] . The inner and outer vertical targets
VTs) consist of monoblocks with swirl tape in the coolant channel
 Fig. 1 (b)) and their lower parts are deﬁned as the high heat ﬂux
andling areas, whereas, the dome consist of ﬂat tiles with hyper-
apotron cooling channel and is exposed to lower heat ﬂux ( Fig. 1
c)). ∗ Corresponding author. 
E-mail address: Takeshi.hirai@iter.org (T. Hirai). 
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ttp://dx.doi.org/10.1016/j.nme.2016.07.003 
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Please cite this article as: T. Hirai et al., Use of tungsten materia
http://dx.doi.org/10.1016/j.nme.2016.07.003 In 2011, the ITER Organization (IO) proposed to start the opera-
ion with a W armored divertor at the vertical targets by replacing
arbon ﬁber composite (CFC) monoblocks [4] . As a result of two
ears of intense design activity [4,5] at the IO ( Fig. 2 ) and success-
ul technology R&D activity [6] in collaboration with Japanese (JA)
nd European (EU) Domestic Agencies (DAs), the full-tungsten (W)
rmored divertor was implemented in the baseline since the end
f 2013 [7] . This decision resulted in use of W monoblock in ex-
ended requirements, i.e. (1) its use in DT operation as the ﬁrst
 divertor (max 0.1 dpa in W [8] ); (2) increase of the design heat
oad to 10 MW/m 2 during steady state operation and 20 MW/m 2 
uring slow transient event (up to 10 s) at W monoblock surface;
3) change of the design cycle numbers of stationary loads at W
onoblock surface, i.e. 50 0 0 cycles at 10 MW/m 2 and 300 cycles
t 20 MW/m 2 [5,9] . The increase of the design heat load impacted
argely the design and manufacturing. It required (a) protecting
eading edge at high heat ﬂux handling area by design; (b) high
erformance armor heat sink joints; and it caused (c) exposure of
 monoblock surface to high temperature. 
In this paper, the W divertor design and R&D results, the W
onoblock response under thermal loads as well as key param-
ters for higher performance of W materials, ongoing activity to
haracterize W monoblock material, are reported. Y-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
l for the ITER divertor, Nuclear Materials and Energy (2016), 
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Fig. 1. (a) Schematic view of ITER divertor consisting of inner and outer verti- 
cal targets, dome umbrella, dome particle reﬂector plates and cassette body; (b) 
monoblock geometry at the inner and outer vertical targets; and (c) ﬂat tile geom- 
etry at the dome umbrellas and particle reﬂector plates. 
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 Fig. 2. ITER W divertor design to protect leading edges by optimization of tiling of pla
monoblock toroidal chamfer at the high heat ﬂux handling area of the vertical targets. 
Please cite this article as: T. Hirai et al., Use of tungsten materia
http://dx.doi.org/10.1016/j.nme.2016.07.003 . ITER tungsten divertor design and technology qualiﬁcation 
rogramme 
.1. ITER tungsten divertor design 
In comparison with the historical CFC divertor, design modiﬁ-
ation of the W divertor was minimized. The main design effort s
ere aimed at: (1) ensuring structural integrity in nuclear phase
nd; (2) leading edge protection during steady-state and slow tran-
ient events at high heat ﬂux handling areas and to minimize the
ffects of melting under off-normal events. 
The ﬁrst point has been conﬁrmed by neutronic analysis [4,8] in
erms of nuclear heating, He production at re-welding parts, ra-
iation damage, and activation. The W divertor design was vali-
ated including the additional heat generated by nuclear heating.
e production at the radial pipe to be re-welded was estimated
o be negligible ( < 1 appm) [8] . By update of maximum impurity
ontents (cobalt, tantalum, and niobium) in the material speciﬁca-
ions [10] , impact of activation in terms of contact dose, radioactive
aste and activated corrosion products were minimized. 
The second point was achieved by the overall plasma-facing
omponent tilting, the inclusion of toroidal roof shaping for the
VT upper (baﬄe) region and the introduction of local toroidal
hamfers at the monoblock level at the OVT and IVT high heat
ux handling areas. The details of W divertor design are reported
lsewhere [4,5] . It should be noted that, as a result of the shad-
wing, the heat ﬂux distribution is not any more homogeneous at
he plasma-facing surface and the local peak heat ﬂux increases as
ncident angle increases. 
.2. ITER tungsten divertor technology R&D 
The requirements for ITER W divertor technology R&D were de-
ned by the IO. It consists of two steps. [6] 
(1) Technology development and validation: demonstration of
the ﬁtness-for-purpose of the proposed technologies by
manufacturing of full-W small-scale mock-ups and of its
high heat ﬂux (HHF) test performance. 
(2) Full-scale demonstration: demonstration of full-scale-
prototype plasma-facing unit (PFU, single poloidal elements)
manufacturing in accordance with ITER procurement qualityrequirements and of its HHF test performance. 
sma-facing components, toroidal roof shaping of outer vertical target baﬄe, and 
l for the ITER divertor, Nuclear Materials and Energy (2016), 
T. Hirai et al. / Nuclear Materials and Energy 0 0 0 (2016) 1–7 3 
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Fig. 3. (a) Small-scale mockups supplied from EU supplier, (b) macro-crack appear- 
ance after high heat ﬂux testing, (c) macro-crack propagation from the loaded sur- 
face. 
Fig. 4. Measured temperature by two color pyrometer at the loaded W surface dur- 
ing high heat ﬂux testing of full-scale prototype PFUs supplied from JA supplier. The 
solid and dashed lines indicate the calculated temperatures at the edge and middle 
of a monoblock, respectively. 
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i  The HHF test requirements for this qualiﬁcation programme
ere deﬁned to be 50 0 0 cycles at 10 MW/m 2 and 300 cycles at
0 MW/m 2 for the small-scale mock-ups and straight part of full
cale prototype PFUs. 
. Performance assessment of tungsten monoblocks by high 
eat ﬂux testing 
.1. High heat ﬂux testing by electron beam facilities 
HHF tests were performed by the electron beam facilities, IDTF
11] , FE200 [12] and JEBIS [13] . High heat ﬂux testing by elec-
ron beam is advantageous because of the ﬂexible operation (pulse
ength from millisecond range up to continuous work) and ﬂexi-
le beam control [14] . The fast scanning of well-focused electron
eam (frequency range of typically kHz) simulates homogeneous
eat loading on deﬁned large areas. A possible caveat of the fo-
used electron beam is that it may result in a high local tem-
erature transiently when the local areas have lower thermal dif-
usivity. This may enhance the microscopic damage such as sur-
ace roughening and local melting [7] . An additional issue is the
ower power absorption (high reﬂection ∼50%) ratio at a ﬂat W
urface whereas potential higher power absorption in an existing
rack running perpendicular to the surface if electrons are multi-
ly scattered inside the crack. This higher power absorption might
nhance crack propagation [15] . In these aspects, the HHF test re-
ults by electron beam facilities may be more conservative regard-
ng surface modiﬁcation and crack (perpendicular to the surface)
rowth in comparison with the plasma exposure in a tokamak. 
Another point is the heat pulse waveform in the thermal fatigue
est. The waveform of HHF test is typically a rectangular form with
0 s heating phase and 10 s cooling phase. The duration is decided
o be long enough to reach thermal quasi-equilibrium ( > 90%) dur-
ng heating phase and cooled down to coolant temperature during
ooling phase. This 10 s heating duration also corresponds to the
aximum duration of the slow transient events at 20 MW/m 2 . This
ectangular waveform heat pulse generates higher thermal stresses
t sharp ramp-up and –down than a smooth ramp-up and -down
hat are foreseen in the tokamak. Therefore, the HHF test results
f rectangular waveform which poses even harder load conditions
ompared to plasma exposure. 
.2. HHF test results – appearance of macro-cracks 
The HHF test results of EU mock-ups and JA mock-ups demon-
trated the availability of high performance armour-heat sink joints
eeting the design requirements of 50 0 0 cycles at 10 MW/m 2 and
00 cycles at 20 MW/m 2 , in both DAs [7] . Fig. 3 shows two of the
U mockups tested for 50 0 0 cycles at 10 MW/m 2 and 30 0 cycles
t 20 MW/m 2 at the electron beam facility FE200. Macro-cracks
round the middle of monoblocks parallel to the coolant pipe axis,
o-called self-castellation, were observed. Similar macro-cracks
ere observed non-systematically but frequently in a number of
ock-ups supplied from EU supplier (tested in IDTF and FE200)
7] . Interestingly cross sectional observation of macro-cracks indi-
ated initiation of macro-crack from the loaded surface ( Fig. 3 (c))
nd often reached at the Cu interlayer. The crack surface showed
uctile (plastic deformation) fracture surface around initiation site
nd brittle fracture surface around area closer to the coolant pipe
16] . The macro-cracks did not appear at 10 MW/m 2 nor 15 MW/m 2 
yclic loads in the W monoblocks made out of W plates [7,16–19] .
rossing brittle-to-ductile transition temperature (DBTT) by cycling
rom cooling temperature (70–120 °C) to maximum surface tem-
erature at 10 MW/m 2 and 15 MW/m 2 (see surface temperature in
ig. 4 ) and vice versa, appears not to initiate macro-cracks. The
acro-crack was observed typically in the mockups delivered fromPlease cite this article as: T. Hirai et al., Use of tungsten materia
http://dx.doi.org/10.1016/j.nme.2016.07.003 U suppliers after thermal cycles at 20 MW/m 2 where the surface
emperature is around 20 0 0 °C. The macro-crack appearance was
onsidered to be related to cyclic exposure to high temperature,
hich would cause fatigue, creep damage, progressive deforma-
ion, and recrystallization. 
It is remarkable that macro-cracks were not observed in the
ock-ups and full scale prototype PFUs supplied by JA suppliers
ven after 50 0 0 cycles at 10 MW/m 2 and 10 0 0 cycles at 20 MW/m 2 
tested in IDTF) [7,20,21] . Surface temperature measurement by
wo-color pyrometer showed the W monoblock surface tempera-
ure reached around 20 0 0 °C at 20 MW/m 2 ( Fig. 4 ). Interestingly,
n recent HHF test results on W monoblocks of a mock-up from JAl for the ITER divertor, Nuclear Materials and Energy (2016), 
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Table 1 
. Examinations required in ITER material speciﬁcation for tungsten plate. 
Examination Applicable standards Acceptance criteria 
Chemical composition To be agreed with supplier W ≥ 99.94%; 
C ≤ 0.01wt%; O ≤ 0.01wt%; 
N ≤0.01wt%; Fe ≤ 0.01wt%; 
Ni ≤ 0.01wt%; Si ≤ 0.01wt%; 
Density ASTM B311 ≥ 19.0 g/cm 3 
Hardness (Vickers HV30) ASTM E92 or EN ISO 6507-1 ≥ 410 
Grain size ASTM E112 Grain size number 3 or ﬁner; 
Microstructure Elongated grain 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. (a) Temperature distribution at 10 s (end of thermal pulse) in the loading 
case as illustrated in the sketch, (b) distribution of stress in y-direction at 10 s, (c) 
distribution of stress in y-direction at 20 s (end of cooling phase). supplier with pre-existing surface cracks ( ∼50 μm) introduced by
electrical discharge machining (EDM), macro-crack did not appear
even after 10 0 0 cycles at 20 MW/m 2 [22] . These results imply no
substantial contribution of the surface cracks to macro-crack ap-
pearance. 
The non-systematic appearance of macro-crack could be a vari-
ation of W monoblock material’s performance, although all the W
monoblock materials were in compliance with the requirements
for W material for ITER divertor application deﬁned in the material
speciﬁcation based on ASTM B760 (see Table 1 ). There were, in-
deed, no substantial differences in terms of chemical composition,
density and hardness. The main differences were microstructures
that originated from production routes, e.g. W powder size, defor-
mation process, (forging or rolling), deformation rates and temper-
atures. The difference causes generally different mechanical prop-
erties of the materials. This motivated the characterization of W
monoblock materials to correlate the HHF test performance and W
monoblock materials (see Section 5 ). 
In addition to the macro-cracks, surface modiﬁcations such as
roughening and local melting were also observed. The surface
modiﬁcation was more pronounced especially for the monoblocks
with thicker armor (7.5 mm and 7.7 mm) that reached higher sur-
face temperature [7] . 
4. Tungsten monoblock under cyclic heat loads 
4.1. Stress-strain in W monoblock under thermal loads 
To understand stress-strain in the W monoblock at the loaded
surface, 3D elastic-plastic ﬁnite element analysis was performed
with a W monoblock geometry, i.e. 28 ×28 ×12 mm 3 with Cu inter-
layer (OD/ID = 17/15), CuCrZr-IG pipe (OD/ID = 15/12), armor thick-
ness of 6 mm). The temperature dependent and elastic-plastic ma-
terial properties were quoted from ITER material database (SDC-IC
Appendix A). Note that W material properties of the as-received
state were used in this study. The boundary conditions and cooling
parameters were as follows: mechanical constraint in all directions
at bottom face of W monoblock; radiation at 200 °C; coolant tem-
perature at 100 °C, heat transfer coeﬃcient for pipe with swirl tape
100 kW/K/m 2 . 
Fig. 5 shows distribution of temperature and stress in y-
direction. The temperature distribution at 10 s (end of heat pulse)
showed a steep gradient which generated thermal stresses and
plastic strain. In the stress distribution at 10 s, the maximum stress
was found to be compressive stress in y-direction ( σ y-direction ) at
the middle of loaded surface in heating phase ( Fig. 5 (b)). After
cooling phase (at 20 s), the maximum stress appeared at the same
location as tensile stress in y-direction. It is important to empha-
size that the joint shall be validated by experiment (design-by-
experiment) but not by analysis (design-by-analysis) according to
the design code, structural design criteria – internal components
(SDC-IC) [23] , hence, the stress distributions around joint in the
Fig. 5 (b) and (c) are indicative. This analysis of stress-strain at thePlease cite this article as: T. Hirai et al., Use of tungsten material for the ITER divertor, Nuclear Materials and Energy (2016), 
http://dx.doi.org/10.1016/j.nme.2016.07.003 
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Fig. 6. Time evolution of (a) surface temperature, (b) stress in y-direction, (c) stress 
in y-direction normalized by yield strength, at middle of W monoblock loaded sur- 
face as indicated in the sketch. 
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Fig. 7. Hysteresis of stress in y-direction and total strain at the middle of W 
monoblock loaded surface under 20 MW/m 2 . 
Fig. 8. Fatigue test results of recrystallized W at 1232 °C [28] , original universal 
slope for fatigue (solid line) and tentatively adjusted universal slope (dashed line). 
e  
r  
c

w  
t  
t  
s  
e  
t  
c  
2  
o  
w  
f  
F  
f  oaded W surface were considered to be acceptable since the area
f interest were in-sensitive to assumption of the joining. 
Fig. 6 shows calculated time evolution of surface temperature,
y-direction , and σ y-direction normalized by yield strength, at the mid- 
le of loaded surface. It illustrated that the surface temperature
xceeds 1500 °C where creep and recrystallization become signif-
cant [24,25] , at early stage of the rectangular heat pulse. As il-
ustrated in Fig. 6 (b), σ y-direction varies compressive to tensile over
eating and cooling phases. In order to include temperature impact
n stress evolution, normalized σ y-direction by yield strength (tem-
erature dependent) was plotted in Fig. 6 (c). It demonstrated that
 monoblock could plastically deform ( σ y-direction /yield strength
 1) at heating phase rather than cooling phase. It should be noted
hat the rectangular waveform could be more conservative than
oreseen plasma loads in terms of thermal stress as discussed in
ection 3.1 and the time evolution of stresses during sharp rump-
p and –down of the heat ﬂux may not be relevant for the plasma
xposure in the tokamak. 
Fig. 7 shows the stress ( σ y-direction )-total strain evolution at the
iddle of loaded surface. Stress-strain hysteresis of W monoblock
tarted at the origin and moved to compressive stress and negative
train during heating phase, then tensile stress in cooling phase.
he hysteresis corresponds to plastic deformation by compressive
tress in heating phase and elastic deformation by tensile stress in
ooling phase. The hysteresis was stabilized after a limited num-
er of cycles, namely, no remarkable progressive deformation, in
hese assumptions. The total strain (including plastic strain) was
stimated to be 0.3% at ∼1800 °C, which corresponds to low cy-
le fatigue. It should be noted that the failure mode may change if
ifferent material properties were selected. 
.2. Fatigue and creep data of tungsten 
Fatigue test data in the total strain and cycle number domain
re obtained from mechanical fatigue tests at constant tempera-
ure, strain-controlled or stress-controlled condition. The fatigue in
lastic strain range is called low cycle fatigue, whereas, fatigue inPlease cite this article as: T. Hirai et al., Use of tungsten materia
http://dx.doi.org/10.1016/j.nme.2016.07.003 lastic strain range is called high cycle fatigue. On covering both
anges, the “method of universal slope” was proposed as a tool to
orrelate tensile properties and fatigue performance [26,27] . 
ε t = 3 . 5 σμ
E 
N f 
−0 . 12 + D 0 . 6 N f −0 . 6 (1) 
here ε t stands for total strain, σ u , E , D and N f for ultimate
ensile stress, elastic modulus, ductility, and cycle number, respec-
ively. The formula consists of two terms, ﬁrst term for elastic
train range and second term for plastic strain range. The empirical
quation implies that higher ductility, D , is preferable to improve
he low cycle fatigue performance. It should be noted that the
oeﬃcients and exponents of universal slope were obtained from
9 materials at room temperature [26] . To conﬁrm applicability
f universal slope for W materials at high temperature, the slope
as plotted with the experimental data ( Fig. 8 ). A few data were
ound as fatigue data of relevant W materials [28,29] . As shown in
ig. 8 , the universal curve (solid line) did not ﬁt perfectly to the
atigue data for recrystallized W (13 mm thick) tested at 1232 °Cl for the ITER divertor, Nuclear Materials and Energy (2016), 
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Fig. 9. Creep test results [31–34] and the recent results ( Table 2 ) in Larson–Miller 
plot. 
Table 2 
. Creep test results (time-to-rupture) of recrystallized W samples 
cut-out from W plate (12 mm thick). P L-M was calculated by the 
Eq. (3) . 
T_test [ °C] Stress [MPa] Time-to-rupture [hour] P L-M 
1400 97 3 .44 26 .0 
1600 87 0 .60 27 .7 
1600 73 1 .86 28 .6 
1800 56 1 .25 31 .3 
1900 41 4 .36 34 .0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10. Tensile test samples for tensile test, creep test and low cycle fatigue (zero- 
pull) test. 
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f  [28] , however, it ﬁts better to the limited number of data points
by adjusting coeﬃcients (dashed line). It is essential to establish a
fatigue test database before discussion on adjusting these parame-
ters, e.g. necessary adjustment or scattering of data points. Fatigue
data of W material at high temperature are demanded for divertor
application. 
Other potential fracture mode is creep damage. Creep data of
W materials, such as stress and time-to-rupture were more avail-
able than its fatigue data. Conventionally these creep data could be
summarized in Larson–Miller parameter (P L-M ) [30] . The Larson–
Miller plot is a tool to predict time-to-rupture at a temperature
and stress by using correlation of the three parameters (temper-
ature [K], stress ( σ ) [MPa] and time-to-rupture (t r ) [hour]) and
given as follows: 
P L −M = T ( log t r + C ) (3)
where the constant C = 15 was selected for W [30] . Fig. 9 shows
the P L-M plot for creep data from pure W in literatures [31–34] as
well as recent data from the 12 mm thick W plate ( Table 2 ). As
shown in Fig. 9 , the creep data of W monoblock materials (12 mm
thick W plate) are also well aligned with the results of different
W products in literatures. This indicates that creep performance of
pure W is predictable with certain accuracy; consequently, there is
a small variation between pure W products. 
Cyclic exposure to high temperature under thermal loads at
20 MW/m 2 would result in progressive deformation or fatigue
damage as well as creep damage and material property degrada-
tion due to recrystallization. These damage processes, e.g. fatigue
and creep, could progress simultaneously at high temperature. The
interaction between creep and fatigue is commonly treated by
“damage factor” method as described in design codes. This method
contains two terms related to the fatigue life cycle and creep lifePlease cite this article as: T. Hirai et al., Use of tungsten materia
http://dx.doi.org/10.1016/j.nme.2016.07.003 ime. The linear sum of remaining lifetimes of fatigue and creep
amage is considered to be the remaining life time as a result of
atigue-creep interaction. Obviously it is preferable to have longer
ifetime in both terms, i.e. longer creep and fatigue lifetime. 
Finally, it can be summarized that it is favorable to select W
ith higher ductility at high temperature (better performance in
ow-cycle-fatigue), to select W with higher creep performance for
onger creep life time. Additionally, it is advantageous to select
 with higher recrystallization resistance. For precise understand-
ng on macro-crack appearance (initiation), data of fatigue, creep
nd recrystallization resistance of W monoblock materials are de-
anded. 
The discussion here was still limited to possible crack initiation
t the loaded surface of W monoblocks. Crack propagation based
n fracture mechanics [35] shall be addressed as the next step. Ad-
itionally, W surface modiﬁcation due to exposure to plasma and
ransient loads such as ELM may also inﬂuence the crack initia-
ion and propagation processes. Such effects could be taken into
ccount in the further discussion. 
. Characterization of tungsten monoblock materials 
As discussed in Section 3.2 , macro-cracks were observed in the
ock-ups supplied from the EU suppliers but not in the ones from
A suppliers. This motivated to study different monoblock perfor-
ances due to different W monoblock material properties. In or-
er to understand correlation between the macro-crack appearance
nd W properties, and eventually possible further deﬁnition of ad-
itional acceptance criteria in W material speciﬁcation, an activ-
ty to characterize W monoblock materials was launched at the
O. The main scopes were examination of tensile properties (yield
trength; tensile strength; ductility), creep, low cycle fatigue per-
ormance and of resistance against recrystallization. 
For the mechanical tests, tensile test samples were cut out from
onoblock materials in two orientations, x-direction (deformation
irection) and y-direction (perpendicular to deformation direction).
he sample geometry is shown in Fig. 10 . Tensile samples at two
tates, as-received and recrystallized states, will be tested. The ten-
ile tests are performed at 800 °C (well above brittle to ductile
ransition temperature) and higher temperature ( > 1400 °C). The
est at 800 °C intends to generate database as representative prop-
rties of W monoblock materials and correlated mechanical prop-
rties and performance under HHF tests. The tensile test data at
00 °C is used for input of the universal slope method based on
ensile data with low cycle fatigue data at 800 °C. Note that the
ow cycle fatigue test could be performed only zero-pull fatigue
est due to the sample geometry. Nevertheless, it was considered
hat the obtained data are relevant since there is no signiﬁcant
mpact of mean strain and mean stress values in the low cycle
atigue regime [36] . The test results may conﬁrm the applicabil-l for the ITER divertor, Nuclear Materials and Energy (2016), 
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[  ty of the universal slope method for W monoblock materials. Re-
ent creep test results from the samples ( Fig. 10 ; samples recrys-
allized at 1800 °C for 1 h in vacuum) cut out from 12 mm thick W
late were shown in Table 2 . As discussed in Section 4 , the results
ligned well with the literature data in the Larson–Miller plot. The
atigue test at higher temperature might provide a chance to see
ne aspect of fatigue and creep interaction in terms of crack initi-
tion. Concerning study on recrystallization resistance, microstruc-
ural observation and hardness tests will be performed after three
eat treatment temperatures for the W monoblock materials. 
. Summary 
W divertor was implemented in the baseline since end of 2013
n the ITER project. This change resulted in extension of require-
ents, e.g. 50 0 0 cycles at 10 MW/m 2 and 300 cycles at 20 MW/m 2 
t W monoblock surface. The W divertor design demonstrated suc-
essfully that it met the extended requirements. Qualiﬁed armour-
eat sink joining technology is available for ITER divertor W
onoblock application. 
W monoblocks tested at 20 MW/m 2 showed non-systematic but
requent appearance of macro-cracks, which do not appear to have
ad an impact on the heat removal performance. Appearance of
acro-crack was discussed to be related to cyclic exposure to high
emperature. Elastic-plastic ﬁnite element analysis showed plastic
train due to compressive stress in heating phase at high tempera-
ure. In such condition, the W monoblocks would experience pro-
ressive deformation or thermal fatigue, as well as creep damage,
nd degradation due to recrystallization. Mechanical properties of
onoblock materials, i.e. fatigue, creep and tensile at higher tem-
erature and recrystallization resistance, are demanded for divertor
pplication. 
To understand correlation between macro-crack appearance and
 properties, and possible further deﬁnition of additional accep-
ance criteria in W material speciﬁcation an activity to characterize
 monoblock materials was launched at the IO. 
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